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A B S T R A C T   
A novel hybrid material was fabricated from the Al–Ti system using high-pressure torsion up to 50 turns. 
Microstructural observations revealed intermetallic phases and mixing zones enriched in Ti, consisting of grains 
of ~20 nm within an Al matrix. Microhardness measurements gave values higher than in the HPT-processed bulk 
aluminium alloy.   
The fabrication of multi-layered hybrid materials is a new concept 
that may be used to enhance the strength of ultrafine-grained (UFG) 
materials without losing their ductility. The earliest research was con-
ducted by using high-pressure torsion (HPT) to process semi-circular 
disks of Ag-Ni [1], Nb-Zr [1] and Al–Cu [2] or quarter disks of Al-Cu 
[3] where these partial disks were placed to form whole disks within 
the HPT facility. Later, a new approach was developed by separately 
stacking disks for HPT processing using Al-Mg [4–7], Cu-Sn [8] and 
Al–Cu, Al–Fe and to perform some preliminary tests on Al-Ti [9]. The 
Al–Ti system is especially interesting due to the excellent mechanical 
properties such as high strength, toughness and stiffness combined with 
a low density which makes it a good candidate material for use in 
automotive and aerospace applications [10–12]. Therefore, several at-
tempts have been made to fabricate Al–Ti composites using different 
techniques such as cold-roll bonding [10,11,13], accumulative roll 
bonding [14–16], explosive welding [17] and powder consolidation by 
HPT [18]. The present research was initiated to evaluate the potential 
for achieving high mechanical properties by processing a stacking of 
Al/Ti/Al disks by HPT. 
The initial disks of 10 mm diameter were cut from a commercial 
purity aluminium alloy (Al-1050) and titanium (CP–Ti). The initial grain 
sizes were 44 and 25 μm for these two materials, respectively. The 
aluminium disks were mechanically polished to a final thickness of 
~0.4 mm and titanium to a final thickness of ~0.15 mm. These disks 
were then stacked in a sequence of one Ti disk between two Al disks 
using the procedure described earlier [4,5]. The stacks of three disks 
were then processed by HPT at room temperature under a pressure of 
6.0 GPa for 10, 30 and 50 turns. After every 10 rotations, excepting only 
after the last 10, a heat treatment was applied consisting of annealing 
the samples in a furnace for 30 min at 300 ◦C to soften the Al alloy and 
allow further deformation. It should be emphasized that the temperature 
of 300 ◦C is too low to have any major impact on phase transformations 
in the Al–Ti system. 
After processing, each disk was cut vertically along a diameter to 
give two semi-circular disks and then examined on the cross-sections 
using light microscopy (LM) with a Zeiss Axio Observer. Panoramic 
images were made of the overall cross-sections in order to permit a 
preliminarily examination of the quality of bonding between the indi-
vidual components. Thereafter, observations were undertaken by scan-
ning electron microscopy (SEM) in back-scatter electron (BSE) mode in 
the peripheral regions. Detailed microstructural observations were 
performed using a scanning-transmission electron microscope (STEM) 
Hitachi HD-2700 operating at an accelerating voltage of 200 kV. Sam-
ples for the STEM observations were prepared using a focused ion beam 
facility (FIB) Hitachi NB5000. X-ray diffraction analysis was undertaken 
at room temperature to analyse the phase composition of the sample 
processed by HPT for 50 turns. Diffraction patterns were recorded using 
a Bruker D8 Advance X-ray diffractometer with filtered radiation of 
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CuKα. Microhardness measurements were recorded using a Zwick/Roell 
Z2.5 hardness testing machine with a load of 200 g. Linear analysis was 
performed on one-half of the cross-section with distances between 
consecutive measurement points of 0.2 mm. The initial coarse-grained 
materials and the initial materials after 10 HPT revolutions were used 
as reference samples. 
The LM panoramic images of the Al–Ti composites are presented in 
Fig. 1 after 10, 30 and 50 turns. In the sample after 10 turns there was no 
intensive bonding between the components with some delamination in 
the central regions and the Ti disk was only slightly fragmented, whereas 
after 30 and 50 turns monolithic samples were obtained without evi-
dence for any pores or defects at the Al/Ti interfaces. It is readily 
apparent that increasing the numbers of HPT turns produces successive 
fragmentation of the Ti disk. In the sample after 50 turns, there is a 
continuous bond between components throughout the cross-section but 
with a gradient in Ti fragmentation moving away from the edge of the 
sample where the deformation is the highest. The size of the fragmented 
Ti increases after 50 turns and reaches a maximum size near the centre of 
the disk. At the edges of the sample, where the applied strain is the 
largest at the macroscopic scale, it is hard to distinguish between the Al 
and Ti phases, thereby confirming a significant mixing between these 
components. 
Fig. 2 shows SEM micrographs of the cross-sections of the Al–Ti 
hybrid material processed by HPT for 50 turns. The overview image in 
Fig. 2(a) reveals a homogeneous distribution of Ti in the Al matrix with 
both Ti-enriched shear bands and fine to relatively large fragments of Ti 
in the Al. Most of the Ti disk has undergone a severe fragmentation 
which permits a general mixing between Al and Ti. In this sample, the 
boundaries between the Al and Ti are not well defined in the mixing 
zone area and this indicates the possibility of the formation of inter-
metallic phases (Fig. 2(b)). The character of the Al/Ti interface depends 
on the distance from the disk centre, with a more complex lamellar 
structure at the area near the edge of the sample and a flatter Al/Ti 
interface visible around the central region. A similar structure was noted 
earlier in HPT-processed Al-Mg [4,9,19] and Al–Cu [2,20,21]. More 
intense mixing was observed in the edge area which is characterized by a 
laminated, multi-layered structure. This inhomogeneity is typical for 
HPT processing as the accumulated strain varies along the radius and 
reaches a minimum in the central area [22]. It was reported earlier for 
the Al-Cu [2,20,23] and Al–Mg [4,19] systems that intensive mixing in 
the edge areas of samples promotes the occurrence of solid-state re-
actions even at low homologous temperatures. Thus, the present sam-
ples contain mixing zones consisting of numerous areas of 
irregularly-shaped thin layers of Al and Ti and the boundaries be-
tween the Al and Ti are no longer distinguishable. A similar observation 
was reported for the Al–Mg system [19] processed by HPT. 
Detailed STEM observations, presented in Fig. 3(a–c), reveal a 
unique, layered microstructure in which it is possible to differentiate the 
Al matrix with an average grain size of ~160 nm and an area of mixing, 
marked in Fig. 3(a and b) with an arrow, that is about 400 nm wide. 
Those areas of mixing consist of thin layers with very small grains 
having average sizes of ~20 nm, as illustrated in Fig. 3(c) where the 
interface between the matrix and the mixing zones is free of voids with a 
homogenous structure in Fig. 3(b). A significant grain refinement, to 
about 300 nm, is visible in the large Ti-rich particles shown in Fig. 3(d). 
Fig. 3(e) presents a dark-field image with the corresponding composi-
tional maps for Al and Ti. It is apparent that the measurement area is 
composed of both Al and Ti and there is a Ti-rich zone in the form of 
bands located within the Al matrix. The occurrence of significant grain 
refinement, as well as the presence of both Al and Ti (Fig. 3 (d)) and the 
mixing zones (Fig. 3 (a,b,c)), suggests the formation of intermetallic 
phases from the Al–Ti system and it is important therefore to examine 
this possibility. 
The presence of intermetallic phases was examined using XRD 
analysis as presented in Fig. 4 where the peaks with high intensity 
correspond to various crystalline planes of the face-centred cubic (FCC) 
Al and hexagonal close-packed (HCP) Ti. However, the pattern confirms 
also the formation of Ti3⋅3Al and Al3Ti phases. The fraction of inter-
metallic phases in the samples after 10 and 30 revolutions was too small 
for detection. Those intermetallic phases are known for having low 
density, high hardness, good thermal and oxidation resistance and high 
melting temperatures and therefore they find applications in the 
strengthening of Al alloys for high-temperature applications [24,25]. 
The approach of fabricating Al–Ti metallic composites by stacking disks 
and using HPT processing was reported earlier but without any evidence 
for the formation of intermetallic phases [9]. However, the formation of 
Al2Ti and Al3Ti intermetallic phases after processing by HPT was 
described when processing a mixture of powders where the formation of 
these intermetallic phases was attributed to short circuit diffusion 
enhanced by the formation of many defects in the HPT-processed ma-
terial [18]. 
Hardness testing was conducted in order to examine the influence of 
HPT processing and these intermetallic phases on the mechanical 
properties. The microhardness distributions along the radii are shown in 
Fig. 5 for measurements taken on the cross-sections of the disks of the 
Al/Ti/Al systems after processing by HPT for 30 and 50 turns; the 
microhardness values of the as-received and HPT-processed bulk Al- 
1050 and CP-Ti are also included for comparison. Thus, the hardness 
of the hybrid material processed for 50 turns lies between the values of 
~60 Hv at the disk centre and ~300 Hv at the edge of the sample, 
whereas in samples processed for 30 turns the maximum hardness 
achieved at the edge was ~130 Hv and the hardness in the centre varied 
around a value of ~40 Hv. It is worth noting that for all hybrid samples, 
the hardness in the central regions is inhomogeneous and exhibits high 
standard deviations which are associated with the presence of large 
fragments of undeformed titanium plates. The hardness values of the 
Fig. 1. Vertical cross-sections of the Al–Ti system processed by HPT under an applied pressure of 6.0 GPa for 10, 30 and 50 turns.  
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hybrid material at the edge are therefore very significantly higher than 
those for the as-received and HPT-processed Al-1050 and only slightly 
lower than those for the bulk HPT-processed Ti. It is important to note 
that the initial system contained 84 vol% of Al and only 16 vol% of Ti so 
that the hardness of the fabricated hybrid material, which consists 
mainly of Al, is exceptionally high. This increase in hardness is attrib-
uted to Hall-Petch strengthening by grain refinement of the Al matrix 
and Ti-rich particles and to precipitation hardening due to the formation 
of the intermetallic phases [4,19]. A similar increase in hardness was 
noted for the Al–Mg system where there was a hardness of ~270 Hv at 
the periphery of the sample after processing by HPT for 10 turns [4]. 
In summary, samples of an Al–Ti hybrid material were fabricated by 
processing a stack of Al/Ti/Al disks using high-pressure torsion at room 
temperature for 10, 30 and 50 turns with the application of intermediate 
appropriate heat treatments. Continuous and complex mixing was 
observed between Al and Ti after processing by HPT for 50 turns at RT, 
Fig. 2. SEM images of the Al–Ti system processed for 50 turns: (a) overall image of the sample, (b) magnified image of the mixing zones. The brighter contrast 
corresponds to the Ti-enriched regions and the darker to Al. 
Fig. 3. (a,b) STEM images of the sample of the hybrid material processed for 50 HPT turns, (c) enlarged image of (a), (d) structure of Ti-rich blocks in the Al matrix, 
(e) EDX compositional maps for Al and Ti containing the mixing zone: dark-field image of the analysed area (left), compositional maps for Al and Ti, in the centre and 
right, respectively. 
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indicating the potential for using this method as a processing tool for the 
synthesis of hybrid materials. The microstructure after processing was 
characterized by exceptional grain refinement, with a grain size of ~20 
nm inside mixing bands and ~160 nm for the Al matrix and ~300 nm for 
Ti-rich blocks. Intermetallic phases from the Al–Ti system were formed 
during processing by HPT. These phases, together with grain refinement 
of the Al matrix, the presence of hard Ti-rich blocks and interfaces be-
tween the Al and Ti thin layers, lead to a significant increase in the 
hardness of the hybrid material compared with the hardness of the 
initial components. 
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